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Description 
[VOLTAGE-CONTROLLED OSCILLATORS] 

Background of Invention 
[0001] Technical Field 

[0002] The present invention relates to voltage-controlled oscil- 
lators (VCOs), and more particularly, to voltage-controlled 
oscillators that consume relatively less power than in the 
prior art. 

[0003] Related Art 

[0004] a typical voltage-controlled oscillator can comprise a plu- 
rality of delay stages electrically coupled together in series 
and in a loop. More specifically, the first delay stage gen- 
erates output signal(s) to the second delay stage. The sec- 
ond delay stage generates output signal(s) to the third 
delay stage, and so on. Finally, the last delay stage gener- 
ates output signal(s) back to the first delay stage forming 
the loop. An output node of any delay stage can be used 
as the output node of the voltage-controlled oscillator. 
There is always a need for new designs of voltage-con- 



trolled oscillators which have lower power consumption. 
[0005] | n other words, there is a need for novel voltage-con- 
trolled oscillators that consume relatively less power than 
those of the prior art. There is also a need for a method 
for operating the novel voltage-controlled oscillators. 
Summary of Invention 

[0006] The present invention provides an oscillator delay stage 
circuit operating between first and second operating volt- 
ages, wherein the first operating voltage is higher than 
the second operating voltage, the oscillator delay stage 
circuit comprising (a) an inverting circuit including an in- 
put node and an output node, wherein the inverting circuit 
is configured to receive an input signal from the input 
node and generate an output signal to the output node, 
and wherein the inverting circuit is further configured to 
increase the output signal in voltage in response to the 
input signal decreasing in voltage and to decrease the 
output signal in voltage in response to the input signal in- 
creasing in voltage; and (b) a control circuit including a 
first switch circuit and a first resistance adjusting circuit 
electrically coupled in series between the output node and 
the second operating voltage, wherein in response to the 
input signal increasing in voltage towards the first operat- 



ing voltage, the first switch circuit is configured to de- 
crease in resistance, and wherein the first resistance ad- 
justing circuit is configured to receive as input an external 
control signal and to change in resistance in response to a 
change of the external control signal. 
[0007] The present invention also provides an oscillator delay 

stage circuit operating between first and second operating 
voltages, wherein the first operating voltage is higher than 
the second operating voltage, the oscillator delay stage 
circuit comprising (a) an inverting circuit including an in- 
put node and an output node, wherein the inverting circuit 
is configured to receive an input signal from the input 
node and generate an output signal to the output node, 
and wherein the inverting circuit is further configured to 
increase the output signal in voltage in response to the 
input signal decreasing in voltage and to decrease the 
output signal in voltage in response to the input signal in- 
creasing in voltage; and (b) a control circuit including a 
first switch circuit and a first resistance adjusting circuit 
electrically coupled in series between the output node and 
the first operating voltage, wherein in response to the in- 
put signal decreasing in voltage towards the second oper- 
ating voltage, the first switch circuit is configured to de- 



crease in resistance, and wherein the first resistance ad- 
justing circuit is configured to receive as input an external 
control signal and to change in resistance in response to a 
change of the external control signal. 
[0008] The present invention also provides a method for signal 
generation, the method comprising the steps of (a) pro- 
viding a voltage-controlled oscillator comprising N oscil- 
lator delay stage circuits operating between first and sec- 
ond operating voltages, N being an odd integer, the first 
operating voltage being higher than the second operating 
voltage, wherein each of the N oscillator delay stage cir- 
cuits comprises (i) an inverting circuit including an input 
node and an output node, and (ii) a control circuit includ- 
ing a switch circuit and a resistance adjusting circuit elec- 
trically coupled in series between the output node and the 
second operating voltage; (b) applying to the resistance 
adjusting circuit an external control signal so as to 
achieve a target operating frequency for the voltage- 
controlled oscillator; (c) in response to an input signal ris- 
ing in voltage at the input node, (i) using the inverting cir- 
cuit to decrease an output signal in voltage at the output 
node, and (ii) decreasing the resistance of the switch cir- 
cuit. 



[0009] The present invention provides voltage-controlled oscilla- 
tors consuming less power than those of the prior art. 
Brief Description of Drawings 

[0010] FIG. 1 illustrates a block diagram of a voltage-controlled 
oscillator comprising multiple delay stage circuits, in ac- 
cordance with embodiments of the present invention. 

[0011] FIGs. 2A-2C illustrate different embodiments for one de- 
lay stage circuit of FIG. 1 wherein each embodiment com- 
prises an inverting circuit, in accordance with embodi- 
ments of the present invention. 

[0012] FIG. 3 illustrates one embodiment of the inverting circuit 
of FIGs. 2A-2C. 
Detailed Description 

[0013] FIG. 1 illustrates a block diagram of a voltage-controlled 
oscillator (VCO) 100 comprising, illustratively, three delay 
stage circuits 110.1, 110.2, and 110.3, in accordance with 
embodiments of the present invention. In general, the 
VCO 100 can comprise any odd number of delay stage 
circuits. Each of the delay stage circuits 110.1, 110.2, and 
110.3 has an input node Vin for receiving an input signal 
Vin (for simplicity, hereinafter, the same label used to de- 
pict a node is also used to depict the signal on that node) 



and an output node Vout for outputting an output signal 
Vout. For example, the signal at input node Vin.l is de- 
noted as signal Vin.l, and the signal at output node 
Vout.l is denoted as signal Vout.l. 

[OO 14 ] The delay stage circuits 110.1, 110.2, and 110.3 are elec- 
trically coupled together in series and in a loop. More 
specifically, the output node Vout.l of the delay stage cir- 
cuit 110.1 is electrically coupled to the input node Vin.2 
of the delay stage circuit 110.2. The output node Vout. 2 
of the delay stage circuit 110.2 is electrically coupled to 
the input node Vin.3 of the delay stage circuit 110.3. Fi- 
nally, the output node Vout.3 of the delay stage circuit 
110.3 is electrically coupled to the input node Vin.l of the 
delay stage circuit 110.1, forming the loop. The output 
node Vout.3 of the delay stage circuit 110.3 can be used 
as an output node Vo of the VCO 100. 

[0° 1 5] Each of the delay stage circuits 110.1, 110.2, and 110.3 is 
electrically coupled to power supply voltages VDD and VSS 
(VDD > VSS), and an external control signal Vc. For each 
of the delay stage circuits 110.1, 110.2, and 110.3, it 
takes a delay time for a change in Vin to cause a corre- 
sponding change in Vout. In one embodiment, this delay 
time can be adjusted by adjusting Vc. Because the operat- 



ing frequency of the VCO 100 is determined by the delay 
times of the delay stage circuits 110.1, 110.2, and 110.3, 
the operating frequency of the VCO 100 can be adjusted 
(i.e., controlled) by adjusting Vc. 

[0016] FIGs. 2A-2C illustrate different embodiments for the delay 
stage circuit 110.1 of FIG. 1, in accordance with embodi- 
ments of the present invention. The other delay stage cir- 
cuits 110.2 and 110.3 can have a similar structure. 

[0017] | n one embodiment as shown in FIG. 2A, the delay stage 
circuit 110.1 comprises an inverting circuit 210, two n- 
channel transistors Ml and M2, and an extrinsic capacitor 
220. The inverting circuit 210 is electrically coupled to in- 
put node Vin.l and output node Vout.l. The inverting cir- 
cuit 210 is also electrically coupled to the supply voltages 
VDD and VSS. In response to signal Vin.l increasing to- 
wards VDD, the inverting circuit 210 is configured to pull 
signal Vout.l at node Vout.l down towards VSS. Also, in 
response to signal Vin.l decreasing towards VSS, the in- 
verting circuit 210 is configured to pull signal Vout.l at 
node Vout.l up towards VDD. 

[0018] The n-channel transistors Ml and M2 are electrically cou- 
pled together in series between node Vout.l and supply 
voltage VSS. The gate of the n-channel transistor Ml re- 



ceives control signal Vc, and the gate of the n-channel 
transistor M2 receives signal Vin.l. The transistors Ml 
and M2 form an electric discharge path 230a between 
node Vout.l and supply voltage VSS. 
[0019] The extrinsic capacitor 220 is electrically coupled between 
node Vout.l and supply voltage VSS. In one embodiment, 
the extrinsic capacitor 220 can comprise a thin oxide 
transistor having its gate electrically coupled to node 
Vout.l and both of its drain and source electrically cou- 
pled to VSS. 

[0020] Assume that the transistors Ml and M2 and the extrinsic 
capacitor 220 are omitted in the delay stage circuit 110.1. 
As a result, the signal propagation delay time (in short, 
the delay time) of the delay stage circuit 110.1 is deter- 
mined by the delay time of the inverting circuit 2 10. The 
delay time of the delay stage circuit 110.1 is the time it 
takes delay stage circuit 110.1 to cause a change in signal 
Vout.l in response to a change in signal Vin.l. 

[0021] Assume now that the transistors Ml and M2 are present 
but the extrinsic capacitor 220 is omitted in the delay 
stage circuit 110.1. With Vc is fixed at a certain voltage 
level, when signal Vin.l rises towards VDD, the inverting 
circuit 210 pulls signal Vout.l at node Vout.l down to- 



wards VSS. Also in response to signal Vin.l rising, transis- 
tor M2 becomes more and more conducting. In other 
words, the resistance of the transistor M2 becomes lower 
and lower when signal Vin.l rises towards VDD. As a re- 
sult, the electric discharge path 230a connecting node 
Vout.l to VSS via transistors Ml and M2 becomes more 
and more conducting. This helps pull signal Vout.l down 
towards VSS faster. In other words, the delay time of the 
delay stage circuit 110.1 is reduced with the presence of 
the transistors Ml and M2 (i.e., electric discharge path 
230a) at least for the time when Vin.l is rising towards 
VDD. 

[0022] when signal Vin.l falls towards VSS, the inverting circuit 

210 pulls signal Vout.l at node Vout.l up towards VDD. In 
response to signal Vin.l falling, the transistor Ml be- 
comes less and less conducting. In other words, the resis- 
tance of the transistor M2 becomes higher and higher 
when signal Vin.l falls towards VSS. As a result, the elec- 
tric discharge path 230a becomes less and less conduct- 
ing. This helps to minimize the effect of the electric dis- 
charge path when signal Vin.l falls towards VSS. If the 
transistor M2 were not shut off when Vin.l falls, supply 
voltage VSS would strongly pull down on signal Vout.l via 



the electric discharge path 230a and therefore slow down 
the rise of signal Vout.l towards VDD. In short, the tran- 
sistor M2 functions as a switch circuit that performs two 
roles: (i) to open the electric discharge path 230a when 
Vin.l is rising so as to help pull Vout.l down faster, and 
(ii) to close the electric discharge path 230a when Vin.l is 
falling so as to minimize the pull-down effect of the elec- 
tric discharge path 230a. The total effect is that with the 
presence of the electric discharge path 230a, the delay 
time of the delay stage circuit 110.1 is reduced for the 
time during which Vin.l is rising. As a result, in total, the 
presence of the electric discharge path 230a increases the 
operating frequency of the VCO 100 (FIG. 1). 
[0023] Because the transistor Ml is on the electric discharge path 
230a, changing Vc will adjust the resistance of the electric 
discharge path 230a. The transistor Ml operates as a re- 
sistance adjusting circuit that changes its own resistance 
in response to the change of Vc. As a result of the pres- 
ence of the transistor Ml, the effect of the electric dis- 
charge path 230a (described supra) can be adjusted. More 
specifically, higher Vc decreases the resistance of the 
electric discharge path 230a and therefore enhances the 
effect of the electric discharge path 230a. In other words, 



increasing Vc reduces the delay time of the delay stage 
circuit 110.1 and therefore increases the operating fre- 
quency of the VCO 100 (FIG. 1). 
[0024] Assume now that the transistors Ml and M2 (i.e., the 

electric discharge path 230a) and the extrinsic capacitor 
220 are all present in the delay stage circuit 110.1 as 
shown in FIG. 2A. The function and operation of the elec- 
tric discharge path 230a are the same as described supra. 
The extrinsic capacitor 220 is used to adjust the base op- 
erating frequency of the VCO 100 (which corresponds to 
the case in which the electric discharge path 230a is omit- 
ted or completely shut off). More specifically, the presence 
of extrinsic capacitor 220 adds more time to the delay 
time of the delay stage circuit 110.1 (because it takes time 
to charge up or discharge the extrinsic capacitor 220), 
and therefore, decreases the base operating frequency of 
the VCO 100. If the extrinsic capacitor 220 is a transistor 
as described supra, the parameters of the transistor 
(width and length of channel, gate oxide thickness, etc.) 
determines the capacitance of the extrinsic capacitor 220 
and therefore determines the extent of the effect of the 
extrinsic capacitor 220 to the base frequency of the VCO 
100. In other words, the inverting circuit 210 and the ex- 



trinsic capacitor 220 can be designed so as to achieve a 
target base operating frequency of the VCO 100. 

[0025] FIG. 2B illustrates another embodiment of the delay stage 
circuit 110.1 of FIG. 1. Compared with the embodiment 
shown in FIG. 2A, the electric discharge path 230a is re- 
placed by an electric charge-up path 230b comprising an 
n-channel transistor M3 and a p-channel transistor M4 
electrically coupled together in series and between supply 
voltage VDD and node Vout.l. 

[0026] The function of the electric charge-up path 230b is simi- 
lar to that of the electric discharge path 230a (FIG. 2A). 
However, the difference is that the electric charge-up path 
230b helps pull signal Vout.l up towards VDD in response 
to falling Vin.l, whereas the electric discharge path 230a 
helps pull signal Vout.l down towards VSS in response to 
rising Vin.l. When Vin.l rises towards VDD, the electric 
charge-up path 230b is shut off, just like the electric dis- 
charge path 230a is shut off when Vin.l falls towards VSS 
(described supra). 

[0027] As a result of the presence of the electric charge-up path 
230b, the delay time of the delay stage circuit 110.1 is re- 
duced for the time during which Vin.l is falling. There- 
fore, the presence of the electric charge-up path 230b in- 



creases the operating frequency of the VCO 100 (FIG. 1). 
[° 028 ] Similar to the transistor M2 (FIG. 2A), the transistor M4 

functions as a switch circuit that performs two roles: (i) to 
open the electric charge-up path 230b when Vin.l is 
falling so as to help pull Vout.l up faster, and (ii) to close 
the electric charge-up path 230b when Vin.l is rising so 
as to minimize the pull-up effect of the electric charge-up 
path 230b. 

[0029] Similar to the transistor Ml (FIG. 2A), the transistor M3 
operates as a resistance adjusting circuit that changes in 
resistance in response to the change of Vc. As a result of 
the presence of the transistor M3, the effect of the electric 
charge-up path 230b can be adjusted. More specifically, 
higher Vc decreases the resistance of the electric charge- 
up path 230b and therefore enhances the effect of the 
electric charge-up path 230b. In other words, increasing 
Vc reduces the delay time of the delay stage circuit 110.1 
and therefore increases the operating frequency of the 
VCO 100 (FIG. 1). 

[0030] The function and operation of the inverting circuit 210 

and the extrinsic capacitor 220 in FIG. 2B are the same as 
described supra with respect to FIG. 2A. 

[0031] FIG. 2C illustrates yet another embodiment of the delay 



stage circuit 110.1 of FIG. 1. Here, both the electric dis- 
charge path 230a and the electric charge-up path 230b 
are present in the delay stage circuit 110.1. As a result, 
the delay stage circuit 110.1 of FIG. 2C has the advan- 
tages of both embodiments of FIGs. 2A and 2B. In short, 
when Vin.l rises, the inverting circuit 210 pulls Vout.l 
down. The electric discharge path 230a opens to help pull 
Vout.l down faster, whereas the electric charge-up path 
230b is closed to minimize the pull-up force from VDD. 
When Vin.l falls, the inverting circuit 210 pulls Vout.l up. 
The electric charge-up path 230b opens to help pull 
Vout.l up faster, whereas the electric discharge path 230a 
is closed to minimize the pull-down force from VSS. 
[0032] | n addition, adjusting Vc changes the strength of the ef- 
fects of the electric discharge path 230a and the electric 
charge-up path 230b. More specifically, higher Vc en- 
hances the effects of both paths 230a and 230b, and 
therefore reduces the delay time of the delay stage circuit 
110.1 of FIG. 2C and therefore increases the operating 
frequency of the VCO 100 (FIG. 1). Conversely, lower Vc 
weakens the effects of both paths 230a and 230b, and 
therefore increases the delay time of the delay stage cir- 
cuit 110.1 of FIG. 2C and therefore decreases the operat- 



ing frequency of the VCO 100 (FIG. 1). Given a target op- 
erating frequency for the VCO 100, Vc can be adjusted so 
that the operating frequency for the VCO 100 comes 
within an acceptable tolerance of the target operating fre- 
quency. 

[0033] The extrinsic capacitor 220 of FIG. 2C helps achieve a tar- 
get base operating frequency of the VCO 100 (FIG. 1). The 
extrinsic capacitor 220 can be omitted from the embodi- 
ments of FIGs. 2A-2C. 

[0034] FIG. 3 illustrates one embodiment of the inverting circuit 
210 of FIGs. 2A-2C. As shown, the inverting circuit 210 
comprises an n-channel transistor M5 and a p- channel 
transistor M6 that are configured to form a CMOS 
(Complementary Metal Oxide Semiconductor) inverter. The 
CMOS inverter 210 has its input node and output node 
electrically coupled to Vin.l and Vout.l, respectively. 

[0035] Because CMOS transistors are power efficient, and the 

paths 230a and 230b are conducting only when necessary 
to help Vout.l change faster and are otherwise closed 
when unneeded, the VCO 100 (FIG. 1) of the present in- 
vention is also power efficient. 

[0036] while particular embodiments of the present invention 
have been described herein for purposes of illustration, 



many modifications and changes will become apparent to 
those skilled in the art. Accordingly, the appended claims 
are intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 
vention. 



